Object. Adult degenerative scoliosis can be a cause of intractable pain, decreased mobility, and reduced quality of life. Surgical correction of this problem frequently leads to substantial clinical improvement, but advanced age, medical comorbidities, osteoporosis, and the rigidity of the spine result in high surgical complication rates. Minimally invasive surgery is being applied to this patient population in an effort to reduce the high complication rates associated with adult deformity surgery.
D
ue to advances in medical care, the life expectancy of Americans has increased significantly over the past half century. However, with this lengthening of the human lifespan has come an increase in the prevalence of disorders associated with aging, including adult spinal deformity. Adult thoracolumbar scoliosis and kyphosis can be the consequence of numerous etiologies, including progression of a preexisting deformity, delayed posttraumatic sequelae, infection, progressive disc and facet joint degeneration, iatrogenic spinal destabilization, and arthropathies such as rheumatoid arthritis. 9 In most cases these deformities will progress with age as patients experience progressive loss of muscular bulk, bone mass, and joint integrity. 19 While the treatment of these debilitating disorders can be highly rewarding and meaningful for the patient in terms of pain reduction, improved functional capabilities, and cosmesis, the morbidity associated with surgical correction can be substantial. Given the need for longer-construct multilevel surgery, as well as the need for extensive spinal mobilization and reconstruction, these procedures are typically associated with long anesthesia times and large quantities of blood loss. Thus, in this patient population, which is frequently already medically deconditioned, surgery presents unique hazards.
Traditional open surgery has been associated with a major complication rate as high as 28-86%, even at specialized centers, 1, 8, 24 and the risks of morbidity have Minimally invasive surgery for thoracolumbar spinal deformity: initial clinical experience with clinical and radiographic outcomes been shown to increase with advancing age. 25 Minimally invasive surgical approaches offer the potential to reduce some of the complications associated with traditional open spinal surgeries. [10] [11] [12] [13] [14] Because minimally invasive surgery may reduce soft-tissue trauma, intraoperative blood loss, and surgical site infections, patients may experience reduced postoperative pain and narcotic consumption and more rapid mobilization. While yet unproven, these factors may be especially important in the setting of the medically compromised patient. In the study by Rosen et al. 17 50 patients older than 75 years with significant medical comorbidities underwent minimally invasive spinal surgery for spinal canal decompression. While the study had no control arm, the authors were able to demonstrate that the procedure could be performed efficiently and safely. More importantly, the authors reduced their average length of stay to 29 hours, an impressive feat in this age group.
Recently, instruments and implants have been developed for longer-segment fixation, fusion, and segmental manipulation-making minimally invasive surgery for deformities a feasible option in select patients. 22 This report describes our initial experience with minimally invasive surgery for adult thoracolumbar spinal deformity.
Methods

Patient Population
A continuous series of 23 patients undergoing minimally invasive primary or supplemental fixation for adult thoracolumbar spinal deformities at 2 academic medical centers was included in this study: University of California at San Francisco (4 patients) and the University of Miami (19 patients). The patient mean age was 64.4 years (range 42-84 years), and 74% were women. The mean followup time was 13.4 months (range 6-34 months) ( Table 1) . Inclusion criteria were the presence of coronal deformity greater than 20° and/or significant sagittal decompensation with loss of global spinal balance. Patients with limited or focal sagittal imbalance, such as those presenting primarily with a spondylolisthesis, were excluded. In addition, patients with severe central canal stenosis that could not be managed with unilateral minimally invasive decompression were excluded from this study.
The patient population was assessed with regard to clinical outcomes, complications, surgical blood loss, and operative times. Separate VAS scores were obtained for leg (radiculopathic) and axial back pain by patient self-report. Radiographic parameters included preoperative and postoperative Cobb angles to assess sagittal and coronal plane deformity correction based on standing 36-inch radiographs. The sagittal alignment was obtained between the T-11 or T-12 and the S-1 endplates. Fusion status was assessed using fine-slice helical CT scans as determined by attending neuroradiologists. All data were collected with institutional review board approval.
Surgical Technique
All patients underwent combined anterior-posterior surgery in a single anesthesia session (Fig. 1) . The anterior procedure was performed using a mini-open direct lateral exposure of the intervertebral discs, as described previously. 23 Retraction or spreading of the psoas muscle allowed for disc or vertebral body removal, anterior release, and anterior height restoration. Direct local stimulation as well as continuous live EMG were used in all cases involving a transpsoas approach, and the anterior reconstruction was achieved using femoral ring allograft, polyetheretherketone interbody cages (Medtronic Sofamor Danek or Nuvasive), or expandable cages (Fig. 2) (Globus Medical or Synthes Spine). These interbody devices were filled with rhBMP-2 (InFuse, Medtronic Sofamor Danek). Posterior supplemental fixation was performed with the use of Viper percutaneous pedicle screws and connecting rods (DePuy Spine) introduced through the proximal or distal screw entry site. The screw insertion technique was based on using primarily anteroposterior fluoroscopy, and no image guidance was used. Posterolateral intersegmental fusion was achieved at levels without interbody fusion by exposing the facet joints and transverse processes of interest, decorticating with a high speed bur, and laying in autograft, rhBMP-2, or bone graft substitutes. These are both off-label uses for rhBMP-2.
Results
Operative Statistics
An average of 3.7 intersegmental levels (range 2-7 levels) were fused per patient as seen in Table 1 . The mean operative time was 401 minutes (range 200-660 minutes) including the anterior component of the combined surgeries. Surgical blood loss averaged 477 ml (range 200-3500 ml). Seven (30.4%) of the patients were discharged to inpatient rehabilitation, and the remainder were discharged home.
Clinical Outcomes
The VAS scores for leg pain averaged 4.35 preoperatively and improved to 1.57 postoperatively, reflecting a mean improvement of 2.78 (Table 2) . Utilizing a single-tailed t-test, this revealed a significant change with p < 0.01. The VAS scores for axial back pain averaged 7.30 preoperatively and improved to 3.35 postoperatively, reflecting a mean improvement of 3.96. Using a singletailed t-test, this revealed a significant change (p < 0.01). There were no instances of worsening back pain; however, 3 patients experienced minimal or no improvement in their symptoms.
Radiographic Outcomes
With regard to coronal plane abnormalities, 16 of the patients had preoperative deformities. The mean pre-and postoperative Cobb angles were 31.4 and 11.5°, respectively, reflecting a mean 20.0° improvement in coronal alignment. The degree of sagittal deformity, as measured by the degree of lordosis between the thoracolumbar junction and S-1 endplate, was 37.4°. This increased to 45.5° following surgery and reflected an 8.0° increase in global thoracolumbar lordosis.
Fusion was demonstrated at all interbody levels as assessed on fine-cut CT scanning. Of the 7 cases with a posterolateral (without interbody) fusion at the thoracolumbar junction, 2 (28.6%) did not demonstrate radiographic fusion. In 1 case, this resulted in asymptomatic screw loosening at the 9-month follow-up. All fusion sites and levels involved the use of rhBMP-2 except in Case 21, although the dose was not standardized.
Complications
There were no intraoperative complications identified at the time of the surgical procedures or anesthesia. There were also no intraoperative complications related to the anterior approach (hollow viscus or vascular in- jury), except a case of pneumothorax due to exposure at T-12. There were no complications due to pedicle screw placement. In the postoperative period, one patient experienced new-onset atrial fibrillation, which was treated with medical management, and another patient developed a pneumothorax that was not identified intraoperatively. This necessitated chest tube placement and a longer hospitalization (20 days). One patient developed a CSF leak not seen at the time of the initial surgery that resulted in reexploration, which did not reveal any obvious CSF dural tear. Another patient required a return to the operating room to extend the construct to the ilium after an S-1 screw pullout on postoperative Day 34. There were no cases of superficial or deep wound infections. One patient (Case 23) underwent partial corpectomies with a significant blood loss of 3500 ml. This was due to excessive bone bleeding during the partial corpectomies and was unrelated to any vascular injury. This patient required allogeneic blood transfusions. Thigh numbness, pain, weakness, and dysesthesias, all lateralized on the side of the anterolateral approach, were seen in 7 patients (30.4%) despite the use of continuous EMG neuromonitoring during exposure in all cases. In all but 1 case, these symptoms resolved in the postoperative period. However, this resulted in 2 patients being admitted to inpatient rehabilitation rather than discharged home. The patient in Case 21 experienced sensory and motor changes that were severe and persistent enough to require use of an assistive device for ambulation.
Discussion
The minimally invasive surgical treatment of spinal disorders is increasingly being recognized as safe and effective, with the opportunity for a reduction in pain and postoperative complications. The advantages of minimally invasive surgery have been disputed in the treatment of localized pathologies that are well managed using traditional methods, as evidenced by a recent randomized study of minimally invasive surgery versus open lumbar discectomy by Arts et al. 3 In that study of 328 patients, the authors concluded that there was no advantage of tubular discectomy over traditional open surgery. However, surgeons are increasingly recognizing that as the morbidity of the procedure and/or debility of the patient increases, the advantages of a minimally invasive approach are likely to be increased.
We recently reported our initial results using minimally invasive surgical techniques to treat adult spinal deformities. 22 Other authors have corroborated our experience, demonstrating that adult spinal deformities may be treatable using minimally invasive methods. 2, 4, 18 This report summarizes our early experiences with percutaneous thoracolumbar spinal fixation for adult degenerative deformities through a combined anterior-posterior technique for deformity correction. It should be noted that these procedures and corrections have been made possible only because of the recent confluence of commercially available devices, advanced surgeon training, and modern intraoperative imaging techniques. Specifically, percutaneous pedicle screws, anterolateral approaches, neuromonitoring, specialized deformity correction instruments, and BMP have been critical in allowing spine surgeons to manage these complex pathologies in a minimally invasive fashion.
In this report, our clinical and radiographic results for these 23 patients demonstrate that an anterolateral minimally invasive surgical approach for release, anterior height restoration, and interbody fusion followed by percutaneous pedicle screw fixation was safe and effective. Overall, the mean correction in the coronal plane was 20° with maintenance or improvement of sagittal plane align- ment (mean correction of 8°). Clinical improvement in back pain (as measured by VAS) at this early follow-up averaged 3.96 cm. This is similar to larger cohort studies of open surgery, such as the 317-patient cohort of the Spinal Deformity Study Group, which experienced a mean 3.7-point improvement on the numeric rating scale at 2-year follow-up. 20 There were no cases of wound infection, with the only medical perioperative complications being the new onset of atrial fibrillation and pneumothorax in 1 case each. Ultimately, 2 patients required a return to the operating room, one to repair a CSF leak and another to revise instrumentation for an S-1 screw pullout. Overall, these complication rates compare favorably with those of other open surgical series. In particular, the low incidence of surgical site infections has been a finding in other minimally invasive surgical series.
We have found that the transpsoas approach leads to a high frequency of thigh numbness, pain, weakness, and dysesthesias, which are likely the result of retraction in proximity to the lumbosacral plexus and have been well described in previous anatomical studies. 5 Seven (30.4%) of our patients experienced new thigh symptoms due to exposure through the psoas muscle, despite the use of continuous EMG and direct stimulation testing to localize the lumbosacral plexus in all cases. While the transpsoas approach has been described in numerous previous reports, 6, 15, 16, 23 there has been little mention of this complication, and it is likely underreported in the literature. We have typically avoided using this approach below the L3-4 disc space due to anatomical studies on the location and proximity of the lumbosacral plexus in the low lumbar spine. Nevertheless, despite its drawbacks, the miniopen direct lateral approach is a powerful complement to posterior minimally invasive techniques. An interbody fusion obviates the need for an extensive posterolateral exposure, which may be compromised in the setting of minimally invasive surgery. This was demonstrated in our study, which found no anterior pseudarthroses compared with a 29% pseudarthrosis rate with the posterior mini-open exposure on early follow-up.
One of the major limitations of this study is the lack of longer-term follow-up. These data would be essential in determining whether the progression of adjacent-level disease rates is acceptable, as many of the patients in this series may potentially have undergone longer fusion constructs with an open operation. In addition, while CT scans were obtained to confirm the presence of a bony fusion, it is possible for instrumentation failure or deformity progression to occur due to an occult pseudarthrosis.
It should also be noted that the radiographic outcomes in this series are likely to be inferior as an aggregate when compared with open surgical series in terms of deformity correction. Given current limitations in technology, specific reconstruction techniques, such as spinal osteotomies, remain challenging with minimally invasive surgery due to issues with blood loss, risk of neural injury, exposure, and segmental control. While this is currently an area of active research, 21 it remains a tradeoff when trying to achieve lower complication rates than those associated with open surgery. Similarly, the lack of dorsal bony exposure for a fusion surface will likely result in higher rates of pseudarthrosis at segments where an interbody fusion is not used. The longer-term implications of smaller, residual deformities for curve progression, adjacent-level deterioration, or the persistence of symptoms remain unknown.
In this light, it is important to emphasize that the treatment of this patient population is often primarily focused on the management of symptoms due to spinal column incompetency at specific discs and facet joints or due to neural entrapment. The treatment is thus not necessarily directed at the deformity per se, but rather with deformity as an important subcontext. This is unlike the management of idiopathic adolescent deformities in terms of the indications for intervention, specific techniques used, and natural history of the disease. 
Conclusions
This initial clinical series demonstrates that select thoracolumbar deformities can successfully be treated using a combined anterolateral transpsoas interbody fusion followed by a posterior minimally invasive approach using percutaneous transpedicular instrumentation. Ultimately, longer-term follow-up and comparison studies will be needed to demonstrate any advantages over traditional open surgical techniques.
